implicating a direct relationship between smooth muscle contraction and electrical pacing, the action potentials following these pacemaker potentials were associated with intraureteral pressure increases.
Although myogenic and neurogenic mechanisms have been invoked for the generation and propagation of ureteral peristalsis, specialized cells with both smooth muscle and neural properties may be involved. With the use of histological techniques designed to identify such cells, Gosling and Dixon (16, 17) were the first to recognize specialized "atypical" smooth muscle cells confined to the upper urinary tract. These "atypical" smooth muscle cells closely apposed each other and typical smooth muscle cells and were thought to be the reputed pacemaker cells. Klemm and Lang (30) found this histologically defined, possible pacemakerlike network in the ureter present throughout the muscle layers, diminishing in cell numbers distally along the ureter. Moreover, they found that the cells comprising this pacemaker network were morphologically similar to those previously described in the gut.
The selective identification and localization of interstitial cells of Cajal (ICC), the pacemaker cells of the gut, have been greatly facilitated by the discovery of their expression of the c-kit receptor. Specific antibodies to the c-kit receptor have been used to identify ICC in both animals (3, 26, 28, 39, 55, 58) and in humans (27, 57) . Local decreases in or lack of c-kit immunoreactivity in the gut has been detected in human motility disorders such as Hirschsprungs's disease (57, 61) and intestinal pseudoobstruction (27) . Mice with spontaneous mutations of the c-kit gene and deficient in ICC lack spontaneous slow waves in the small intestine and have uncoordinated peristalsis (7) . Similarly, the frequency and regularity of colonic peristaltic contractions were altered in such mice (39) .
In this study, the presence of ICC-like cell networks that may be responsible for the generation of pacemaker activity in the urinary tract was investigated in mice using c-kit receptor immunofluorescence. Identi-fication of the pacemaker system in the urinary tract and its implications for our present understanding of the neurophysiology of the urinary tract would be profound and may provide further insight into a variety of important urological conditions.
MATERIALS AND METHODS
Animals. Female WBB6F1 mice (Jackson Labs, Bar Harbor, ME), weighing 20-25 g and 12-20 wk old, were housed in standard polypropylene cages with ad libitum access to food and water in the University of Pittsburgh's Central Animal Facility. All studies were approved by the University of Pittsburgh's Institutional Animal Care and Use Committee and found to meet the standards for humane animal care and use as set by the Animal Welfare Act and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Tissue processing. Mice were anesthetized with isoflurane (4%), and the ureters, urinary bladders, and urethras were harvested and immediately placed in 2% buffered paraformaldehyde for 1 h, cryoprotected in 30% sucrose in PBS overnight, and flash-frozen in liquid nitrogen-cooled isopentane. Tissues were cut in 8-m frozen sections, mounted on polylysine-coated slides, and kept frozen (Ϫ20°C) until immunocytochemical processing.
Immunocytochemistry. Tissue sections were rehydrated in KPBS at room temperature for 20 min, blocked with 10% normal goat serum for 20 min, and incubated overnight at 4°C with the primary antiserum, a rabbit polyclonal IgG antibody to the human c-kit protein (Oncogene Research Products, Cambridge, MA), diluted 1:100 in KPBS, 0.05% goat serum and 0.1% Triton X-100. The following day, slides were rinsed with KPBS three times (10 min each) and then incubated with a Cy3-conjugated goat anti-rabbit IgG secondary antibody (Jackson ImmunoResearch, West Grove, PA) at room temperature for 2 h at a dilution of 1:800 in KPBS, 0.05% goat serum, and 0.1% Triton X-100. Because mast cells also contain the c-kit receptor and hence stain positive with c-kit antibodies, dual staining with fluoresceinavidin DCS (Vector Laboratories, Burlingame, CA) diluted 1:200 for 2 h was used to specifically identify mast cell staining. Slides were again washed three times (10 min each) with KPBS and coverslipped. Slides were imaged using an Olympus Fluoview 500 scanning confocal microscope in the Center for Biological Imaging at the University of Pittsburgh.
Controls for the specificity of the antisera consisted of incubation of the tissue with normal rabbit serum substituted for the primary antiserum. With the use of this procedure, no nonspecific staining was seen. The antibody concentrations and the optimal tissue preparation used for immunofluorescence staining of c-kit in this murine species had been previously determined in the intestine (39) . Optimal antibody concentrations used in the urinary tract were determined by serial dilutions and are documented above.
RESULTS
In Fig. 1 , a confocal slice with differential interference contrast and fluorescence overlay depicts dual immunofluorescence staining of a section of proximal mouse ureter. In the lamina propria, note the network of red fluorescent, stellate-appearing cells that are c-kit positive. These c-kit-positive cells resembled ICC (ICC-like) and were negative for mast cell markers (FITC-avidin immunofluorescence). With the use of maximum-intensity projection of the confocal stack, the c-kit-positive, ICC-like cells were magnified and are depicted in Fig. 1B .
Networks of c-kit-positive, ICC-like cells were also localized adjacent to the inner longitudinal muscle fiber bundles and at the interface of the inner longitudinal and outer circular muscle layers (not shown). Furthermore, the c-kit-positive stellate cells were contiguous in serial tissue sections but limited to the ureteral pelvis and proximal ureter. Such cells were not, however, found in either the urinary bladder or urethra.
Larger c-kit-positive cells were also noted in the lamina propria. Unlike the ICC-like cells, these larger cells also stained positively for FITC-avidin and therefore appeared as yellow-green fluorescence as seen in Fig. 1A . These immunohistological characteristics together with their intense granular morphology clearly characterized these cells as mast cells.
DISCUSSION
This study is the first to identify c-kit-positive, ICClike cells in the ureter that may be the putative pacemaker cells responsible for generation of ureteral peri- stalsis and the consequential movement of urine from the kidney to the urinary bladder. The histological distribution and cellular morphology of these c-kitpositive cells are characteristic of those cells previously identified as the ICC or pacemaker cells in the gastrointestinal tract. These findings further indirectly support the role of these identified cells as mediators and/or initiators of smooth muscle contraction in the tubular components of the upper urinary tract. Recognition of abnormalities of the ICC-like system in the urinary tract may offer insight into a variety of important urological diseases, such as hydroureter and megaloureter, which are congenital and/or acquired conditions thought to be a consequence of a deficiency in ureteral musculature innervation (42) .
An extensive review of the literature revealed few studies that evaluated c-kit immunoreactivity in the genital urinary tract, and most have focused on the role of c-kit in gametogenesis in the testes (11, 36, 38, 45) . Most recently, Klemm et al. (29) comprehensively evaluated the cells underlying pacemaker activity in the guinea pig upper urinary tract and found cells morphologically similar to ICC cells, but they were not immunoreactive for c-kit, the marker of ICC cells in the gut. Although c-kit-positive cells were present, they were morphologically consistent with mast cells, the only other known c-kit-positive cell. The lack of c-kit-positive ICC cells in Klemm's studies may be related to the species (guinea pig vs. mouse), the c-kit antibody used (murine vs. human), and/or the fixation methods, as we have found that ICC cells are very sensitive to fixation methods.
In a comprehensive evaluation of human tissue, Lammie et al. (31) found scattered c-kit-positive immunoreactivity in transitional epithelial cells of the bladder and in mast cells of the bladder and gastrointestinal tract. Consistent with our results, they found no c-kit immunoreactivity in the urinary bladder smooth muscle, although they did report significant immunocytochemical localization of kit ligand, the endogenous mast cell growth factor that binds to the c-kit receptor, both in the smooth muscle of the bladder and the intestines. This is not surprising, as the role of the bladder is one of storage and intermittent expulsion. The lack of c-kit-positive, ICC-like cells in the mouse bladder stands in contrast to the recent report of McCloskey and Gurney (35) where such cells were identified in the guinea pig bladder. Interestingly, the urinary bladder of the guinea pig also contains intramural autonomic ganglia (15, 19, 62) , in contrast to the murine bladder (15, 56) . Given the association of ICC in the gut with intrinsic ganglia and given that conditions of hypoganglionosis are also associated with marked reductions in ICC (43) , it seems reasonable to propose that the lack of ICC in the mouse bladder is due to a lack of intramural ganglia. With the use of this same line of reasoning, one would predict that the human and cat bladder, which, like the guinea pig, both possess intramural urinary bladder ganglia (40, 52, 53) , would likewise possess ICC-like, c-kit-positive pacemaker cells. It has also been suggested that a urinary bladder network of intramural ganglia may contribute functionally as an entity unto itself to both normal and pathological bladder function (9, 52) , similarly, but to a lesser degree than the enteric nervous system in the gut.
The urethra, which is also comprised by an outer circular and inner longitudinal smooth muscle similar to the ureter (2), was also devoid of ICC-like cells in the present study. This was somewhat surprising to us, as we previously observed peristaltic-like activity in in vitro whole mounted preparations of urethras from the rat (unpublished observations). It is tempting to speculate that either some other mechanism is responsible for pacemaker potential generation in the urethra, such as intrinisic smooth muscle tone responsible for maintaining continence with wave propagation via smooth muscle gap junctions, or that our present histological protocols are, for some unknown reason, not allowing for the identification of ICC-like cells in this organ.
Early studies investigating the neural input to the ureter and the pacemaker-like control of ureteral peristalsis focused on catecholaminergic and cholinergic neural input to the ureter (8, 10, 13, 18, 37, 48) . Follow-up studies, however, revealed that the adrenergic axons are preferentially distributed to the arterial vessels that supply the ureter rather than to the smooth muscle itself (16, 59) . With the later discovery of rich capsaicin-sensitive afferent input to the ureteral smooth musculature, a role of both substance P (SP) and calcitonin gene-related peptide (CGRP) containing afferent input has been implicated (12, 14, 23, 24, 46, 51, 54) with the latter neuropeptide found to be more extensively represented (1, 46) . These findings are also reflected in the subepithelial plexus of the ureter with ϳ90% of its axons being capsaicin-sensitive afferents (25, 46) . Because the majority of the sensory fibers supplying the ureter are not activated by physiological stimuli, they most likely signal noxious stimuli (5) and may also regulate vascular and smooth muscle responses (22) to noxious stimuli by local efferent-like actions. On the other hand, direct physiological evidence implicating a role of CGRP containing afferent neurons in the modulation of ureteral peristalsis is apparent in studies which showed that motility changes induced by electrical field stimulation are mainly mediated by CGRP (33, 34) . Taken together, these findings suggest that CGRP in primary sensory axons of the ureter may play a role in modulation of ureteral smooth muscle activity and/or putative ureteral pacemaker cells rather than acting as the pacemaker system itself.
Additional evidence supporting a relationship between afferent innervation and c-kit expression is apparent in previous studies that showed that kit ligand is a neurotrophic factor for dorsal root ganglia (DRG) neurons, playing a role in neurite outgrowth and guiding axons from the DRG (4, 21) . Moreover, further characterization of these c-kit-positive neurons in the DRG revealed that many (44%) contained SP, terminated in spinal cord laminae I and II, and were nerve growth factor responsive, further supporting their role as nociceptive C-fiber afferents (20) . The importance and complexity of these interactions between sensory neurons and kit ligand are further evident in the finding that SP can induce production of kit ligand, which, in turn, can upregulate SP receptors of the NK-1 subtype in bone marrow stroma (41) .
Follow-up studies would be necessary to determine the functional role of the c-kit-positive, ICC-like cells of the urinary tract. Physiological studies of ureteral peristalsis using techniques such as those recently described by Roshani et al. (44) combined with immunocytochemical techniques in the commercially available c-kit-deficient mice would help define the direct role of these c-kit-positive, pacemaker-like cells in the urinary tract.
In summary, we have identified cells in the proximal tubular components of the urinary tract with morphological and immunological phenotypes similar to ICC pacemaker cells of the gut. We predict an abnormal distribution of these ICC-like cells in the urinary tract may be a useful diagnostic marker of urinary tract diseases that involve the ureter and may be useful in the planning of appropriate surgical or pharmacological interventions. Although the study of the role of ICC-like cells in urinary tract motility is in its infancy, modern technologies should facilitate rapid progress toward delineation of the role of these cells in normal physiology and pathological conditions. Funding for this study was provided by National Institutes of Health Grant DK-02488 to M. A. Pezzone. Portions of this study were previously reported in abstract form at the 1999 annual meeting of the American Urological Association.
